Abstract-This paper describes a novel solution for the active locomotion of a miniaturized endoscopic capsule in the gastrointestinal (GI) tract. The authors present the design, development, and testing of a wireless endocapsule with hybrid locomotion, where hybrid locomotion is defined as the combination between internal actuation mechanisms and external magnetic dragging. The capsule incorporates an internal actuating legged mechanism, which modifies the capsule profile, and small permanent magnets, which interact with an external magnetic field, thus imparting a dragging motion to the device. The legged mechanism is actuated whenever the capsule gets lodged in collapsed areas of the GI tract. This allows modification of the capsule profile and enables magnetic dragging to become feasible and effective once again. A key component of the endoscopic pill is the internal mechanism, endowed with a miniaturized brushless motor and featuring compact design, and adequate mechanical performance. The internal mechanism is able to generate a substantial force, which allows the legs to open against the intestinal tissue that has collapsed around the capsule body. An accurate simulation of the performance of the miniaturized motor under magnetic fields was carried out in order to define the best configuration of the internal permanent magnets (which are located very close to the motor) and the best tradeoff operating distance for the external magnet, which is responsible for magnetically dragging the capsule. Finally, a hybrid capsule was developed generating 3.8 N at the tip of the legged mechanism and a magnetic link force up to 135 mN. The hybrid capsule and its wireless control were extensively tested in vitro, ex vivo, and in vivo, thus confirming fulfilment of the design specifications and demonstrating a good ability to manage collapsed areas of the intestinal tract.
I. INTRODUCTION

C
URRENT technologies in biomedical engineering focus on reducing pain during diagnostic procedures, thus enabling extensive screening among individuals who are more likely to develop cancer. This has yet to be achieved for the inspection of the lower gastrointestinal (LGI) tract, where long and semiflexible video probes are introduced into the oral or rectal cavities. This approach provides a detailed and reliable diagnosis and currently represents the best available technique for managing pathological diseases of the digestive tract. The major drawback is the procedure's invasiveness, making it frequently ill-tolerated by patients.
In order to reduce invasiveness, the use of wireless capsule endoscopy for screening procedures [1] - [3] has increased over recent years. This approach has proved to be mostly effective for the small bowel, with different endoscopic capsules already available in the market from several suppliers worldwide, such as Given Imaging [4] , Olympus [5] , and Intromedic [6] . These devices are mainly composed of a 640 × 480 pixel resolution camera, a LED-based illumination system, a data transmitter, and a suitable battery, which guarantees sufficient operative lifetime. All these components are incorporated in a pill with size ranging from the Intromedic MiRo (a diameter (φ) of 10.8 mm and length (L) of 24 mm), to the Given Imaging PillCam Colon (φ = 11 mm, L = 31 mm). Despite capsule endoscopes are well-tolerated by patients, the diagnostic outcomes are not fully reliable. This is mainly due to the lack of active and teleoperated locomotion, because the pills move by simply exploiting GI peristalsis. Consequently they cannot stop, turn, or change direction to review and verify suspicious lesions, as in the case of traditional endoscopes. Furthermore, without proper tissue distension, obtained through air insufflation (which is standard practice today), interesting spots behind intestinal folds could be missed.
The ideal capsule for GI tract access should combine small size (small enough to swallow and to move by natural peristalsis) and active locomotion (ability to stop, and possibly, to move against peristalsis), and not require inflation of the colon, which is the source of much of the pain experienced during the traditional procedure [7] . If LGI endoscopy were to become a screening procedure due to such a system, this would significantly enhance public health and improve cancer screening. With regard to this, it is important to point out that yearly death rates from cancer dropped by 27% from 1975 to 2005, largely due to prevention and early diagnosis [8] .
The development of a wireless capsule that is capable of moving actively inside the GI tract while teleoperated by the endoscopist is a challenging task, given the features peculiar to the intestinal environment: unstructured, highly deformable, slippery (i.e., covered by a layer of lubricating mucus), and partially collapsed [9] , [10] . Recent works addressing this issue, propose solutions where the source of active locomotion can be either external or internal to the patient's body.
External active locomotion can be obtained by using magnets inside the capsule coupled with an external magnetic field, generated either by coils [5] , [11] or permanent magnets [12] - [15] . Controlled variations of the external magnetic field drag and orient the capsule in the desired direction. This approach does not require supply from the on-board battery, thus saving available energy for other different functions. The most critical limitation of this approach is that magnetic locomotion is successful only if the tissue is distended, instead, in the collapsed regions of the LGI tract, friction prevents effective control. Moreover, this approach does not allow per se tissue distension, thus preventing a complete view of the lumen walls.
The alternative approach consists in placing one or more actuators inside the video pill in order to implement an internal locomotion system. By correctly designing the locomotion mechanism, an effective relative motion between the capsule and the surrounding tissue can be achieved. Several devices with embedded actuators and mechanisms have been proposed, providing satisfactory locomotion performance inside hollow cavities [16] - [20] . In particular, studies on legged capsules for LGI endoscopy have demonstrated that two independent leg sets promote effective motion in the gut [21] , and that the maximization of the number of legs could enhance tissue distension in collapsed cavities [22] . The main drawback of this approach is related to power supply and space constraints. The continuous use of a couple of actuators designed for moving two independent leg sets requires an energy source that may be hardly shrunk down to a swallowable size.
By combining external magnetic fields-which drag and orient the capsule-with a simplified internal active systemwhich creates space-a hybrid solution for controlled capsule endoscopy can be achieved. This technique would benefit from the specific advantages of both approaches and enable effective active locomotion in a swallowable size. The capsule described in this paper is a step toward this goal: it features a set of permanent magnets for external control in uncollapsed areas of the GI tract and a leg-based mechanism to be used as soon as the capsule gets stuck along its journey. This single leg set can additionally be exploited to lightly distend surrounding tissue and so obtain a reliable diagnostic outcome. Hybrid locomotion in capsule endoscopy is therefore firstly defined in this paper as the combination and synergy of magnetic and legged strategies for active control and locomotion in the LGI tract.
An overall description of the novel device is reported in Section II-A, followed by a detailed overview of the dimensioning of the internal (legged) and external (magnetic) locomotion mechanisms in Sections II-B and II-C, respectively. Control unit and power supply are discussed in Section II-D, while packaging issues are outlined in Section II-E. Section III describes the experimental assessment of the capsule, conducted to confirm technical requirements and performance of hybrid locomotion. Finally, conclusions and future improvements of the system are illustrated in Section IV.
II. HYBRID CAPSULE DESIGN
A. System Overview
The patient undergoing the devised procedure is requested to enter a purposely equipped ambulatory environment once the capsule has reached the LGI tract. Then, the endoscopist employs magnetic locomotion as much as possible [12] and guides the capsule using real-time vision feedback. Since natural gases are frequently present in the LGI tract, most of the capsule journey may occur by simple magnetic dragging, relying on the low dynamical friction coefficient of intestinal tissue, which is lubricated by a thick mucus layer [23] . If the capsule gets stuck in collapsed areas of the intestine, the on-board legged mechanism is activated and magnetic locomotion can take over again. Specifically, leg activation pushes the capsule outside a tissue fold if the capsule is entrapped. Alternatively, by keeping the legs open, the capsule can be driven by an oscillatory motion due to the magnetic link. This provides a lever-like action, which expands the tissue and allows the capsule to overcome sharp bends. Finally, the internal mechanism may also help dilate tissue and obtain a better view of intestinal walls. Fig. 1 shows an example of hybrid locomotion.
Starting from this operative scenario, it is possible to outline the desirable features that the hybrid capsule should have as follows.
1) Small size: The capsule should be small enough to swallow. However, since the hybrid locomotion concept still needs to be extensively validated, scalability of the prototype down to a swallowable size was considered acceptable in this paper. Thus, a diameter of 14 mm was assumed for this device, with a target of 11 mm for future developments. 2) Controllability by external magnetic fields in uncollapsed regions: Considering that the external source of the magnetic field is at an average operative distance of 10 cm from the capsule, the attraction force should be adequate to lift the capsule against its own weight. If this is satisfied, we can reasonably assume that the external magnetic field would also be able to drag the pill inside uncollapsed or lightly collapsed intestine.
3) Ability to expand surrounding tissues in collapsed regions:
Previous studies have demonstrated that about 3 N of total force at leg tips are required to lift and stretch out collapsed tissue by a legged mechanism [10] , [22] . 4) Real-time vision system: Since the devised procedure is based on a real-time visual feedback from the capsule, a wireless vision module with adequate frame rate needed to be integrated. Despite research in this field [24] , no miniaturized real-time vision system was available at the time of the work, therefore an estimated volume (450 mm 3 as the ongoing efforts [25] toward a wireless vision module) for this module was left available in the hybrid capsule for future integration. 5) User-friendly control interface: Since capsule steering is obtained by applying two synergetic approaches, the endoscopist must be able to switch between the two easily and intuitively. 
B. Internal Mechanism 1) Legged System Design:
The internal legged mechanism must be activated whenever the capsule is lodged within collapsed tissue or more lumen distension is required. To achieve this goal, a viable actuator was first selected, then the mechanism was designed and its parts were dimensioned considering the aforementioned requirements.
Due to previous extensive analysis regarding actuators for legged locomotion in capsule endoscopy [22] , an electromagnetic brushless dc motor (SBL04-0829, Namiki Precision Jewel Company Ltd., Tokyo, Japan) was selected as the best commercially available tradeoff between output torque and compactness. The selected actuator had an external diameter of 4 mm, a total length of 17.4 mm (not including the shaft), and a nominal output stall torque of 5.7 mNm [26] . Being an electromagnetic motor, permanent magnets placed close to the rotor or externally generated intense magnetic fields reduce effective output torque. As reported in the following sections, this issue was deeply analyzed for a proper dimensioning of the magnetic system. Alternative actuators, such as piezoelectric motors were also considered. Despite their immunity to magnetic fields, those commercially available do not guarantee a high torque in a small size, as desirable for this application.
As regards the mechanism, the use of three legs placed radially at 120
• , was considered adequate for positioning both mechanism components and magnets, and to obtain an effective tissue engagement. The pivoting point of the three legs was placed in the middle of the locomotion unit, thus obtaining a symmetrical and reversible 180
• movement. Each leg snapped into a rectangular groove obtained on the lateral surface of a brass shaft, which was connected to a bronze helical gear [part 4 in Fig. 2(a) ] by means of a custom-shaped groove.
A steel worm gear [part 3 in Fig. 2 (a)] placed on the central axis of the locomotion unit matched the three helical gears, whereas a brass main gear [part 2 in Fig. 2(a) ] transmitted the motion to the worm gear due to a long (5.6 mm) axial shaft. Finally, a brass pinion gear [part 1 in Fig. 2(a) ] connected the mechanism to the dc brushless motor. As visible in the cross section view of Fig. 2(b) , the mechanism design divides the capsule in three longitudinal sections. One section hosts the dc brushless motor, while the other two are left available for the on-board magnets.
2) Legged System Dimensioning: In order to define the design parameters for the different gears of the mechanism, several issues were considered, such as dc brushless motor features, capsule size, and ease of fabrication. A high reduction ratio is a key point for this application, because it allows the force available at the leg tip to be increased.
The relation between output (M out ) and input (M mot ) torques as function of total mechanism efficiency (η tot ) and total transmission ratio (τ tot ) was as follows:
Considering the hybrid mechanism model, M out was the torque of both legs and respective helical gears, M mot was the torque transmitted by the motor to the mechanism, τ tot was the total transmission ratio of the hybrid mechanism gears, whereas η tot was the total efficiency.
Considering the kinematic chain, τ tot and η tot can be written as follows:
(2)
where subscripts 1, 2, 3, 4 indicate the gears as in Fig. 2 (a). The output torque can also be written as follows:
where b was the lever arm defined by the leg length and F legs was the total force at the leg tips. The motor torque can be defined as follows:
where C mot was the stall torque for the selected motor (C mot = 6.95 mN·m, when powered with 3.7 V). In order to introduce a safety margin for the mechanism design, we adopted the half of this value as the operative motor torque. As previously mentioned, permanent magnets placed close to an electromagnetic motor reduce performance of the actuator. To consider this, we introduced an experimental coefficient (γ mot ) that related the loss of torque available for moving the mechanism to the magnetic field surrounding the motor. From (1) and considering (2)- (5), the hybrid three-legged mechanism can be described by
for an optimal management of collapsed tissue. On the basis of (6) and the 4-leg capsule described in [16] , the mechanism gears were designed to obtain the best tradeoff between maximum reduction ratio, high efficiency, small size, reliability, fabrication easiness, and costs, according to guidelines reported in [27] and [28] . The main features of gears and mechanism are summarized in Tables I and II, respectively. The mechanical transmission between worm and helical gears allowed a very high reduction ratio (τ 34 = 0.056), a very compact size, and high reliability to be achieved. On the other hand, the high friction between the helical teeth hampered efficiency, resulting equal to η 34 = 0.415 as in [16] .
Transmission between worm and main gears was designed with a fixed joint (also the connection between pinion gear and motor shaft) and defined unitary transmission ratio and efficiency (τ 23 = 1 and η 23 = 1). A low modulus (equal to 0.15) was selected for both the pinion and the main gears, thus obtaining homogeneous rotation. Considering the relation in [28] , these two gears also featured a transmission ratio of τ 12 = 0.364 and an efficiency of η 12 = 0.9.
From the gear features, it is possible to calculate total mechanism transmission ratio and total efficiency (τ tot = 0.02 and η tot = 0.3735).
Both pinion and main gears were fabricated by using a five-axis micro-CNC machining center (HSPC, KERN GmbH, Germany). The steel worm gear and the bronze helical gears were custom designed by the authors and fabricated by an external workshop. The gears were modified by sink and microwire electrodischarge machining (EDM) (Micro Sink, Sarix, Switzerland, and AP 200L, Sodick, Japan, respectively) to provide proper couplings between connecting parts. In particular, the worm gear was cut at one end in order to obtain a rectangular groove, while a T-shaped hole was made in each helical gear to enable proper connection with the brass shaft. The three brass shafts were fabricated by the CNC machining center. The motor shaft was machined by microwire EDM and fitted into the hole previously obtained in the center of the pinion gear. Finally, the gears were assembled on custom made bushes in synthetic ruby with buffing surface minimizing friction force and overall dimensions. The fabricated components of the legged mechanism are showed in Fig. 3 .
After dimensioning and fabricating the gears, the legs were designed in terms of shape and length, on the basis of (6) and size requirements. Since the legs needed to lift tissues rather than to propel, the leg movement was conceived as reversible (moving forward and backward, and backward and forward). Therefore, a simple symmetrical leg geometry was selected. A round shape was adopted for the leg tip in order to minimize local tissue stresses. The legs were fabricated from a 0.5 mm thickness superelastic alloy (NiTinol) plate by microwire EDM [see Fig. 3(g) ]. Superelastic alloy was chosen because it provides high elasticity, particularly useful at the leg-shaft junction [29] .
The total length of the locomotion module was 21 mm, while the legs were 10.5 mm long and could be symmetrically closed on both sides. Finally, considering (6) and assuming the force requirement F legs as 3 N, it was possible to calculate the minimum value for γ mot , which still met our specifications as 0.5.
The following paragraph describes the dimensioning of magnetic system, which led to the determination of 35% performance loss (γ mot = 0.65), this corresponds to F legs = 3.8 N, thus providing a safety margin on the desired specifications. If extensive tests were to demonstrate that a lower motor performance is sufficient, the force requirements could be reduced, as also the size of the entire locomotion module.
C. Magnetic System
The magnetic system provides external active locomotion in partially collapsed or uncollapsed regions of the LGI tract by coupling of external and internal magnetic fields.
To help endoscopists easily handle the external source of magnetic field, a cylindrical NdFeB N35 permanent magnet placed on a passive hydraulic arm, was adopted (see Fig. 4 ). Once the hybrid locomotion has been assessed, a robotic arm may be used to replace the passive support, as proposed in [15] .
The main features of the external permanent magnet (EPM) were: a cylindrical shape (φ = 60 mm, L = 70 mm) with an axial hole (φ = 10 mm) to allow fixation, a 1.5 kg weight, a magnetic remanence of 1.21 T due to the selected material, and a magnetization vector perpendicular to the main axis of the cylinder.
First finite-elements method (FEM) analysis was performed with COMSOL Multiphysics 3.4 (COMSOL Inc., Sweden) with the aim to obtain the relationship between magnetic field and distance from the surface of the EPM. All the EPM properties, such as shape, dimension, magnetization direction, remanence, and magnetic permeability (µ 0 = 1.05) were set into the simulation. The selected mesh consisted in about 450.000 elements with a maximum element size set at 1/50 of the maximum geometric feature in the scenario. The incremental ratio of the mesh elements was set to 1.3, while the curvature factor and the mesh curvature cutoff were 0.2 and 0.001, respectively.
In order to quantify γ mot , we assumed that the effect of the magnetic field acts as a torque working against the motor torque itself. To verify this assumption, we performed the following experimental procedure: firstly, given a fixed voltage supply (3.7 V), motor rotational speed, and the related current absorption were measured as a function of distance between the motor and the EPM surface. Then, considering the motor characteristic curves, relating shaft rotational speed, current absorption, and motor torque [26], we confirmed that rotational speed and current absorption behave as if an increasing load was applied to the shaft when the EPM-motor distance decreased. This allowed us to assume the effect of the magnetic field surrounding the motor as an external antagonistic torque (C mag ) exerted on the motor shaft. This perturbation reduced the torque (M mot ) available for moving the mechanism.
The FEM analysis and the experimental results were used to obtain a plot describing the experimental trend of the motor rotational speed and the current absorption, both as a function of magnetic flux density. The rotational speed of the shaft decreased with magnetic field, whereas the current absorption increased. The torque C mag was derived form the motor characteristic curves and the measures of speed and current. Since rising with the magnetic field, the coefficient γ mot described by the (7) decreased, as shown in Fig. 5 γ mot = 0.5C mot − C mag 0.5C mot .
The internal magnetic field was generated by a set of small permanent magnets [internal permanent magnets (IPM)] embedded into the capsule. The optimal IPM configuration would maximize the volume of magnets into the space left available inside the locomotion unit (roughly 500 mm 3 ). It would also minimize motor interferences (γ mot = 0.65) and maximize magnetic attraction force with the selected EPM, according to the requirements presented in Section II-A.
Off-the-shelf cylindrical NdFeB N50 permanent magnets, having a 1.45 T magnetic remanence were selected as IPM with the purpose of maximizing the magnetic flux density for a given volume. Given the shape and the volume (i.e., 500 mm 3 ) of the space available inside the capsule, as also our previous experience in magnetic steering of endoscopic capsule [15] , the ten most suitable IPM configurations, in terms of number and arrangement of the magnets composing the IPM, were simulated. The main goal was to obtain a rapid solution for each configuration in terms of magnetic field engaging the motor and magnetic attraction force with the EPM. A complete analytical solution for the forces between permanent magnets was based on Kelvin's formula and on Biot-Savart's law as reported in [30] .
The selected IPM configuration [see Fig. 6(a) ] was composed by six cylindrical NdFeB N50 magnets (φ = 3.175 mm, L = 6.35 mm) and 12 cylindrical NdFeB N50 magnets (φ = 1.58 mm, L = 3.175 mm) with axial magnetization and total volume of 475 mm 3 (KJ Magnetics, Jamison). FEM analysis of this configuration showed that the motor was engaged in an average magnetic field of 25 mT. Thus, the parameter γ mot was estimated as 0.65 (see Fig. 5 ), meeting the requirements. The simulated magnetic attraction between IPM and EPM [see Fig. 7(a) ] was calculated as 135 mN at 10 cm and 550 mN at 5 cm, enabling the capsule (approximately 13.5 g) to be lifted within this distance range. Another outcome of this simulation was the negligible effect of the EPM magnetic field on the motor performance at the operative distance of 10 cm. The force requirement of 3 N defined in Section II-A, was still fulfilled at an EPM-capsule distance of 9 cm (γ mot = 0.5), while at shorter distances the interference increased until the mechanism stopped at 5 cm. In this case, only magnetic locomotion could be used. It is worth noting that in the case of obese patients, a 10 cm distance between EPM and IPM may not be a feasible option. In this case, a different EPM needs to be used, either by increasing its volume or selecting a material with higher remanence.
In order to verify FEM results, experimental tests were performed with the selected configuration. Firstly, a γ mot of 0.65 was experimentally assessed with a dedicated test bench reported in Fig. 6(b) . Then, a monoaxial load cell (FMI-210, Alluris, Germany) was used to verify the attraction force between EPM and IPM at different distances [see Fig. 7(b) ]. The force measured with the load cell plotted in Fig. 8 , confirmed the FEM analysis results. 
D. On-Board Electronics
The hybrid capsule integrated a four-layer circular electronic board (φ = 10.3 mm, thickness = 2.5 mm) with a wireless 8051 microcontroller (CC2430, Texas Instruments) and a driver for brushless dc motor activation [31] . The microcontroller embedded an IEEE 802.15.4 compliant wireless transceiver working at 2.4 GHz. This proved to be an effective solution for LGI tract telemetry, as reported in [32] . The capsule was interfaced with a standard PC through a custom designed universal serial bus (USB) dongle, featuring a second CC2430 and a serial USB converter (UM232, FDTI Chip, U.K.). A purposely developed human-machine interface (HMI) ran on the PC, enabling the user to control the capsule and receive a feedback on its status (see Fig. 9 ). The HMI was implemented with labview (National Instruments) and it was also compatible with voice commands. The endoscopist, therefore, by pronouncing the proper commands (including direction and angle) could open the legs while operating the magnet.
Deep sleep modality was also implemented, thus allowing the capsule to use just 0.3 µA when in idle mode. Two external contacts if short-circuited, enabled the system to wake up and start communication with the HMI.
As regards the energy source, a single rechargeable lithium ion polymer battery (LP50, Plantraco, Canada) was used to maximize the ratio between capacity and volume. Its main features were: peak current of 500 mA, 3.7 V voltage, compact size (9.5 × 11 × 3.3 mm 3 ), and a 50 mAh nominal capacity. The battery only needs to be charged during the development phase, since multiple tests may be conduced without the need to replace the energy source.
In order to estimate the battery lifetime, current absorption in different working modalities was measured with a digital oscilloscope. Average current drain during periodic activation of wireless transmission was 2.75 mA, whereas motor activation required an average current of 120.6 mA. This resulted in a range going from 18 h (only telemetry activities) to 25 min (continuative motor activation) depending on the use of the legged mechanism. Considering that the legs requires 16.7 s to complete a 180
• span, 90 cycles can be performed by the capsule before the battery expires. From a different perspective, each 180
• leg movement consumes about 12 min of device autonomy.
E. Packaging and Assembly
After defining all the main features of the capsule, a compact packaging was designed, which focused on small overall dimensions, robustness, and ease of assembly. Biocompatibility of materials was not addressed at this stage of development and will be pursued, once the hybrid capsule will be completely assessed.
The legged mechanism was included in two complementary parts, named chassis and body, as in Fig. 10 that can be joined together by five screws. This solution ensured stability of the mechanical components and correct protection of the electrical parts. Chassis and body were fabricated in Ergal (i.e., an aluminum alloy) by CNC machining. Assembly of the legged mechanism components in the chassis is illustrated in Fig. 11 .
A cylindrical tank [see Fig. 10(c) ] was fabricated in polyarylether ether ketone (PEEK), a thermoplastic semicrystalline polymer, which hosted both electronics and battery. Additional parts (frontal and rear plugs, [ Fig. 10(d) -(e)]) were fabricated either in PEEK or in acrylic photopolymer to match the single parts of the capsule and to make the device waterproof.
Three holes in the rear plug contained three magnetic contacts that wake up the capsule from deep sleep and recharge the battery. A hemispherical cap [see Fig. 10(f) ], simulating the presence of a vision system, was fabricated with a stereolithographic technique (3-D Printer Invision Si2) and fixed frontally. Fig. 12 shows the wireless hybrid capsule prototype. It is composed roughly of 60 different parts, and once assembled, measures 14 mm in diameter, 44 mm in length, and weights 13.5 g.
III. EXPERIMENTAL VALIDATION
A. Bench Testing
The first experiments were performed to assess if the mechanical features of the prototype met the design specifications. In order to measure the force generated by the three legs, three nonextensible cables of the same length were fixed on the tip of each leg. The cables were then tied together and fixed to a monoaxial load cell, as in Fig. 13(a) . When the motor was activated by a wireless command, the legs pulled the cables and an average force of 3.58 N was acquired by the load cell. By measuring the cable and leg angles (θ 1 = 8
• and θ 2 = 28 • ), as defined in Fig. 13(b) , we derived the F legs .
By using a simple vectorial sum
it was possible to calculate the effective force generated by the three legs as 3.85 N. This value met the mechanical requirements listed in Section II-A. 
B. Locomotion Performance Assessment
Setting up a proper test bench and a reliable protocol to assess hybrid capsule performance is no trivial matter, since uncollapsed regions in the human LGI are not easily predictable in terms of number and extension. We implemented preliminary in vitro, ex vivo, and in vivo trials to estimate average transit time of the capsule provided with active locomotion. However, an extensive statistical analysis of a relevant number of trials must be performed in order to obtain a definitive evaluation of the proposed device. Throughout the experiments, the capsule was observed by a gastroscope (Karl Storz Endoscopy, Tüttlingen, Germany) in order to verify capsule motion and to assess the lumen dilatation generated by the three legs.
Ten preliminary in vitro tests were conducted in a 20 cm tract of latex colon simulator (Kyoto Kagaku, Kyoto, Japan). Then, ten ex vivo trials with a 20 cm fresh porcine colon segment were performed. Considering the weight of the abdominal wall on the colon [33] and the force required for the dilatation of a collapsed tract [10] , [22] , the intestine was covered with water filled plastic bags (about 350 g each) [see Figs. 14(a) and 15(a)] in order to simulate the surrounding tissues.
The EPM was placed on the hydraulic arm and maintained at an operative distance of 10 cm from the capsule during all tests. The capsule was dragged by the EPM as much as possible and the legged mechanism was activated only when the capsule was stuck in tissue folds. Based on the time required to complete a traditional colonoscopic procedure [34] , the trial was considered failed if the capsule was not able to cross the entire segment after 10 min.
Both in vitro and ex vivo bench tests confirmed that the magnetic field coupling can move and steer the capsule in slightly collapsed regions, whereas activation of the legged mechanism (especially when moving forward, and then, backward) was able to lift and distend collapsed tissues or to overcome tissue folds.
In all in vitro tests the capsule reached the end of the simulator within the 10 min time frame, whereas in the ex vivo trials it was able to travel along the intestine tract in only seven out of ten cases. The latex colon simulator had an averagely larger lumen (about φ = 35 mm) than the ex vivo specimen and it also tended to hold the original shape of the cavity despite the weight of the bags, thus facilitating magnetic locomotion. Although the ex vivo colon specimen was very slippery and was positioned on the bench without bends, the three failed trials were mainly due to the absence of muscular tone (as in the in vivo condition), which resulted in completely collapsed tissue around the capsule. It is worth mentioning that failure does not mean capsule malfunctioning, but inability to cover the entire 20 cm of the specimen in the targeted time frame.
The capsule needed an average time of 2 min and two legged mechanism activations to go through the latex colon simulator about 4 min and five mechanism activations were required in the porcine lumen (excluding the three failed trials). The average speed was estimated as 10 and 5 cm/min for in vitro and ex vivo tests, respectively.
Ten in vivo trials were performed on a total of four female pigs with a weight ranging from 25 to 35 kg. The experiments were conducted in an authorized laboratory with the assistance and collaboration of a specially trained medical team, in compliance with all ethical requirements and regulatory issues related to animal experiments. After intravenous sedation of the animal and preparation of the bowel with water enemas, an endoscope was used to introduce the capsule and position it 40 cm from the anus. The legs of the capsule were closed into the body in order to facilitate sliding. Then, while the gastroscope observed the capsule without insufflation, the hybrid device was moved and steered by means of magnetic forces in order to simulate a diagnostic procedure. Magnetic locomotion always allowed precise orientation of the device, but the motion was only possible in uncollapsed or slightly collapsed regions. During the in vivo tests, the capsule was often lodged because either the tissues surrounded it completely or the cavity in front of it was highly collapsed. Activation of the legged mechanism enabled the layout of the capsule to be modified and the lumen to be enlarged. The motion of the three legs, moving from front to back, lifted the tissue easily and propelled the capsule forward. Experimental evidence showed that partial opening (around 45
• ) of the legs on the rear side was the best capsule layout for magnetically assisted locomotion, since the tissue was kept away from the device surface. With this configuration, a leverage effect of the legs on the collapsed tissue was achieved by oscillating the EPM, and sharp bends were effectively handled. Finally, legs motion from back to front allowed the capsule to move backward. This was beneficial whenever the capsule was stuck in a tissue pocket, such as a diverticulum. Naturally, the legs could be closed either toward the front or the back, however, they could not be closed a priori in order to impart the most favorable motion to the capsule when approaching an obstacle. Nevertheless, by correctly manoeuvering the EPM, a 135
• mo- tion can be obtained without tissue entrapment. At this point, the legs could be ready to move in the most favorable direction. Ten locomotion trials were performed during the in vivo experimental sessions. In six cases, the capsule covered the entire 40 cm tract toward the anus in an average time of 5 min and an average speed of 8 cm/min. An average number of five legged mechanism activations was required. However, in four trials, the capsule was not able to complete the journey within the 20 min time frame. This was mainly due to the geometry of the porcine colon, which is much more complex than in humans. Understanding the correct leg activation sequence, also contributed to determining the high number of failures (three out of four failures occurred during the first half of the trials).
During the in vivo tests, the capsule was also moved against natural peristalsis, showing satisfactory performance. It is also worth mentioning that the hybrid capsule engaged in physiological fluids, as represented in Fig. 16 , without any significant loss in performance, thus demonstrating its reliability and robustness.
IV. CONCLUSION
The hybrid capsule developed, fabricated, and tested by the authors represents an effective solution for the active locomotion of endocapsules in the GI tract. The capsule incorporates several innovative features in terms of combination of different actuation principles. In fact, two different solutions for active locomotion (i.e., external magnetic actuation and internal actuation structures) were merged into the same device to overcome the most significant limitations of the two separate approaches. Combining permanent magnets and electromagnetic actuators is not a trivial matter due to interference that reduces the motor torque needed to move the mechanism. The paper contributes to the design of miniaturized devices combining magnetic and dc motor actuation, and provides quantitative guidelines for merging the two principles.
The fabricated hybrid locomotion capsule is a wireless system conceived with a "totally on-board" philosophy: it embeds an internal motor mechanism, several permanent magnets, a wireless microcontroller, and a rechargeable battery. Once assembled, it measures 14 mm diameter, 44 mm in length, and weights 13.5 g. Experimental bench tests reveled that the internal mechanism produces 3.85 N force at the leg tip and that magnetic field coupling between internal and external magnets provides an attraction force capable of performing controlled locomotion at an operative distance of 10 cm.
Comparison with other locomotion modules designed for endoscopic capsules presented in literature can be conducted on the basis of several parameters. The most significant in our opinion, is power consumption. From this standpoint, the hybrid capsule combines the zero power required by magnetic dragging (which becomes ineffective in collapsed regions of the LGI tract), with the specific advantages that a leg set can provide (e.g., tissue dilatation and freeing of the capsule from tissue folds). Our most advanced legged capsule prototype [22] requires a 10 mm diameter and 30 mm long battery to complete colon examination.
Another significant parameter considered when comparing locomotion modules is speed. With special reference to our previous legged capsule prototypes, the 4-leg capsule [16] speed was 3 cm/min, the 8-leg capsule [21] speed was 4 cm/min, and the 12-leg capsule [22] speed was 5 cm/min, while the hybrid capsule achieved a speed of 8 cm/min in the in vivo trials.
The results obtained with this first prototype support the feasibility of the hybrid locomotion concept. The next generation of hybrid capsules could be reduced to a swallowable size by further optimizing each component. Considering that the 3.85 N force produced by the internal structure seems to be grater than the force required to lift collapsed tissue, a miniaturized mechanism may be designed as next step. Smaller integrated motors could reduce the size of the capsule, whereas many other features could be modified to improve functionality. New leg shapes (e.g., with a smoother profile) could be studied to minimize local tissue stresses or to facilitate colon distension.
In order to enable actively controlled endoscopic procedures, a real-time wireless vision module with a high frame rate must be integrated on-board the capsule. Although a system with these features is not commercially available, on-going efforts toward this goal are provided in literature [24] . In particular, our group is developing a 20 fps real-time wireless camera system for capsule endoscopy, weighing 3.5 g and measuring 450 mm 3 in volume [25] . The system requires approximately 100 mW to operate, inclusive of four white LED illumination system. Once this module will be available for integration, the whole design process of the magnetic link will be reiterated, following the procedure described in this paper and taking into account the modified weight of the capsule. As regards power supply, the additional burden introduced by the vision subsystem can be powered by replacing the battery with a wireless power supply solution, as reported in [35] .
While real-time image stream should be the main feedback for the operator, additional sensing strategies may be implemented in order to attain fully autonomous hybrid locomotion. In such a scenario, the EPM could be mounted as end-effector on a robotic arm, as in [15] , and real-time localization of the capsule (based on magnetic fields [36] ) would allow the system to autonomously run the legged mechanism whenever the capsule does not follow the EPM movement. Additionally, contact or pressure sensors on the surface of the capsule could be exploited in order to autonomously trigger activation of the legs.
